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I.  INTRODUCTION 


In  the  middle  1970' e  the  evolution  of  the  long  rod  munition 
was  accelerating  rapidly.  Many  theoreticians  were  making  predic¬ 
tions  of  performance  and  of  implementation  problems.  One  of  the 
theoret icians1  predicted  the  need  for  rods  of  higher  stiffness  and 
suggested  the  implementation  of  finned  rods.  He  suggested  that 
the  shape  given  in  Figure  1  would  be  of  constant  polar  moment  and 
presented  graphs  for  design  purposes.  The  graphs  were  not  based 
upon  the  presented  snape;  rather  they  were  based  upon  three 
planer  fins  of  constant  thickness  connected  at  120°. 


Figure  1.  The  Katz  tri-foil  parameters. 

We  attempted  to  design  two  variations  of  the  proposed  finned 
rods  and  found  that  we  could  not  duplicate  the  process  by  wnicn 
the  original  graphs  were  prepared.  Relying  solely  upon  the 
graphs,  two  penetrator  types  were  designed  with  tne  parameters 
described  in  Table  1.  These  designs  were  not  optimal,  and  at¬ 
tempts  to  make  optimization  computations  were  frustrated  bv  tne 
lack  of  a  more  accurate  model. 


Table  1.  Design  Parameters 

item  rj  r2  d  l  L/D* 

1  8.  Ofl  12.12  14.25  96.5  1h.  6 

2  5.41  5.34  7.21  104.  a  16.1 

Note:  Dimensions  are  in  millimeters.  "ine  nose  was  made 

hemispherical.  The  length  of  item  1  was  changed  to 
make  the  weights  of  each  item  eoual  fc»5  gms.  Ine 
dimensions  given  are  for  the  actual  rounds  since  the 
machinists  had  difficulty  obtaining  tne  design  goais. 

Our  designs  were  intended  for  ballistic  performance  as  well 
as  for  launch  integrity  of  the  rod.  The  rods  were  of  relatively 
low  L/D*,  where  D*  is  the  diameter  of  a  circle  of  tne  same  area 
as  the  area  of  a  transverse  section  of  the  design.  Tne  small 
aspect  ratio  of  our  designs  did  not  require  the  tri-foil  snape 
for  launch  or  penetration  integrity  but  did  allow  the  study  of 
the  foil  design  with  respect  to  rods  that  were  under  study  at 
that  time.  Each  rod  was  to  have  an  L/D*  of  16  but  some  varia¬ 
tions  occurred  due  to  machining  difficulties.  Note  tnat  tne 
machinists  had  fair  success  with  Item  2  but  not  with  Item  1  which 
had  to  be  shortened  to  maintain  the  weight  at  65  grams. 

Euler^  Duckling  of  the  rod  during  launch  was  of  greater 
concern  than  during  the  penetration  phase.  Whereas  no  closed 
form  solution  of  the  interactions  of  such  a  penetrator  wouio  be 
possible  for  the  penetration  process,  the  launch  buckling  prooen- 
sity  for  a  tri-foil  should  be  proportional  to  tne  relative  oolar 
moments  of  inertia  of  the  rod  and  foil.  For  ease  of  analysis, 
this  ratio  will  be  presented  using  the  model  Dresented  in  tne 
next  section  rather  than  the  complete  solution  of  all  possible 
buckling  modes.  This  paper  will  also  present  tne  polar  moment 
for  a  tubular  design  for  comparison  purposes.  Other  studies 
involving  the  tubular  design^  *  have  presented  the  advantages  and 
drawbacks  of  such  projectiles. 

II.  THE  TRI-FOIL  SHAME 

The  parameters  of  importance  to  tne  tri-foil  snape  were 
given  in  Figure  1.  The  cutting  radii  are  normalized  by  the 
separation  distance  such  that  unit  less  dimensions  may  be  used  to 
describe  the  designs.  It  can  also  be  noted  that  the  designs  are 
not  limited  by  the  ratio  of  the  fin  thickness  to  the  radius  <rt, 
the  fin  width)  as  was  the  analysis  by  Katz.1  If  the  separation 
distance  between  the  radii  centers  becomes  very  large  compared  to 
ri  the  tri-foil  will  begin  to  look  and  behave  as  a  bar  with  an 
eaui lateral  triangle  for  cross  section.  As  less  and  less  is  cut 
from  the  bar,  i.e.  rg  decreases  while  the  other  parameters  are 
held  constant,  the  finned  bar  ouickly  becomes  a  rod.  The  orig¬ 
inal  analysis  approached  neither  of  these  two  limiting  cases 
while  the  analysis  presented  in  this  paper  reaches  these  two 
realistic  limits. 


Figure  £  presents  the  various  kinds  of  geometries  that  are 
oossible  with  a  simple  set  of  design  parameters.  'fne  variables  k 
and  j  are  defined  after  equations  1  and  £  on  the  following  cage. 

A  third  limiting  case  with  the  shape  being  a  hollow  cylinder, 
i.e.  d=0,  should  also  be  considered.  For  ease  of  calculation  of 
the  finned  shaoe,  the  two  angles  (compare  figure  £  and  figure  3> 
were  limited  to  pi/3  radians.  This  precluded  the  model  from 
extrapolat ing  to  the  hollow  cylinder  and  the  snaoes  tvoified  in 
Figure  £  where  k=1.3  and  j=G. 3.  Rather,  the  closed  form  solution 
for  the  hollow  cylinder  will  be  compared  as  a  unioue  point. 
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Figure  £.  Geometries  for  various  values  of  k  and  j. 

Figure  3  presents  tne  shaoe  used  for  tms  analysis.  Note 
that  only  a  third  of  the  total  shape  is  used  to  simplify  the 
calculation.  The  simplification  comes  from  the  fact  tnat  tne 
total  Dolar  moment  is  taken  to  be  just  three  times  the  polar 
moment  calculated  for  this  segment.  The  sector  used  for  normali¬ 
zation  is  also  a  third  of  a  circle. 


Figure  3.  Shape  used  for  the  analysis  of  J/Jr,. 


Using  the  following  definition  of  terms: 

Theta  =  Prctan(y/x) 

Phi  =  flrctanCy/(d-K)] 

where  x  and  y  are  derived  from  the  eauations  for  the  arcs, 
namely : 

H£  +  y 2  a  ri£  <1) 

(d— x)2  +  y^  =  <£) 

to  obtain  nondimensional i zed  parameters  the  aoove  parameters  are 
divided  by  d  as  defined  below: 

r i/d  =  k  rg/d  —  j  x/d  =  m  v/d  =  n 

and  the  equations  yield: 

m  *  (l  +  k£  -  je>/£  m  >  O  < 3) 

n  =  ~  /  ( k^  —  rn^ )  (4) 

Theref ore : 

Theta  ■  ftrctan<n/m) 


Phi 


=  PrctanCn/ ( 1-m) D 


theta  and  oni  : 


<  or 


Pi/3 


Solution  of  the  simultaneous  equations  involvinq  k  and  tne 
radius,  ri,  at  theta  set  equal  to  Pi/3  and  yielding  values  for  n 
which  are  less  than  k  times  Sin(Pi/3)  but  greater  than  zero  imply 
that  the  foil  web  would  be  cut  and  the  foil  extrema  would  be  de¬ 
tached;  thus,  they  are  rejected  in  the  computer  program  used  to 
calculate  the  polar  moment  ratios.  ft  typical  program  that  will 
run  on  a  small  personal  computer  is  given  in  the  appendix. 

ttrea  of  sectors  and  segments  as  defined  in  figure  3. 

flreaT/d^  =  Pi*k*^/3  <5) 

ftreai/d^  =  k^*CTheta  -  Sin(Theta) *Cos ( Theta) 3  (b> 

fireari/d^  =  j^*CPhi  -  Sin ( Ph i ) *Cos < Ph i ) 3  <7) 

ftreaivi/d^  =  (ftrear  -  ftreaj  -  ftrea  1 1  > /d^  <ti) 

for  a  sector  of  eaual  area: 

ftrea0  —  (Pi  *  r^)  /3  (9) 

By  definition,  the  moments  of  inertia  of  the  tri-foil  are  to  be 
compared  to  the  moment  of  inertia  of  a  rod  of  eaual  area. 

Set :  ftrea0  -  ftreaw 

from  this  the  definition  of  r0^/d^  can  be  obtained 

Polar  moments  of  inertia  of  the  areas  defined  bv  figure  3: 

Jc,/d4  =  Pi*rc.A/  (6*d4)  =  3*ftreaw2/  (2*Pi*d4)  (10) 

The  above  moment  is  for  the  sector  of  a  rod.  For  the  tri-foil  a 
step  wise  procedure  will  be  followed: 

JT/d*  =  Pi*k*/6  (11) 

Jl  =  Mix  +  Mjy  Ju  =  Mux  +  Muy  <1£) 
where: 

Mlx/d^  =  CTheta  -  Sin (Theta) *Cos (Theta)  -  £*Sin (Theta)  ^ 

*Cos (Theta) /3] *k^/4  (13) 

Miy/d^  =  CTheta  -  Sin  (Theta)  *Cos  (Theta)  +  £*Sin (Theta) ^ 

*Cos  (Theta)  1  *k/+/4  (14) 

Jlj  is  similar  but  the  y  axis  must  be  transferred  from  tne 
remote  position  at  x  =  d. 

Mlix/d*  =  CPhi  -  Sin ( Ph i ) *Cos ( Ph l )  -  £*Sin(Phi)^ 

*Cos(Phi ) /31*k4/4  (15) 
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IF  T>  PI/3  OR  P>PI/3  GOTO  400 
TN-l«-TAN<PI/3>*TAN<PI/3) 
t>l-<TN*(l—L*L>  > 

IF  C<0  THEN  GOTO  260 
C 1  —  (  1 +8QR ( C ) ) /TN 
D-Cl*TAN(PI/3) 

IF  D>-K*SIN<PI/3>  THEN  GOTO  210 
GOTO  400 

C2-(1-SQR<C) ) /TN 

IF  C2  <0  THEN  GOTO  270 

D-C2*TAN<PI/3) 

IF  D>-K*8IN(PI/3)  THEN  270 
GOTO  400 

REM  NET  AREA  IS  NORMALIZED  BY  THE  SQUARE  OF  THE  S£ PE RAT I ON  DISTANCE 
AN- <K*K*PI/3J  — <  <T-BIN<T) *COS  <T))*K*K>-((P-SIN(P) *CCjS  <  P  > ) *L2*L2 ) 

JT-K-'4*PI/6 

REM  POLAR  MOMENT8  ARE  ALSO  NORMALIZED  BY  THE  SEPeRATION  DISTANCE 
Jl— K'%4/2*  (T-SIN  <T)  *COS  <T)  ♦2/3*SIN  <T>  'N3*CDS  <T>  ) 

M2X-L2~4/4* (P-SIN  <P) *COS  <P) -£/3#8IN  <  P>  ■'‘3*008 ( P>  > 

M2YC-L2y'4/4*<P-SIN<P)*C0S<P>-*-2*SIN(P>  '3*C0S <P> -16/9*SIN < P>  6/ < P-SIN i P) *COS « P >  >  ) 
M2Y-M2YC+L2~2*  (P-SIN < P> *COS < P> -2/3*SIN < P>  ~3*L2>  '£/ < P-SIN ( P> *COS ( w ) ) 

J2— M2X4M2Y 
J-JT-J1-J2 
IF  J<0  GOTO  400 
JN— 2*PI*J/3/ (AN"^) 

REM  PLOT  L2  AS  X  AND  JN  AS  Y  ON  A  PLOT  SCALED  FROM  O  TO  1  IN  X 
REM  AND  O  TO  7  IN  Y. 

NEXT  L 
GOTO  20 
END 


-  ’V*  .  •  »  *  t 


'-'VY 


APPENDIX 


SAMPLE  PROGRAM  TO  CALCULATE  THE 
RELATIVE  POLAR  MOMENT  RATIOS 
FOR  TRl-FQIL  SHAPES 


(!'ne  following  page  i  blank.) 
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IV.  CONCLUSIONS 


The  polar  moment  ratio  of  tri-fox  1  ehaped  orojectiles  has 
been  investigated  theoretically.  The  degree  in  improvement  is 
marginal  but  may  present  some  special  advantages  to  the  employ¬ 
ment  of  the  projectile  such  as  lighter  weight  sabots  or  integral 
fins  that  may  be  stripped  away  by  multiple  plate  targets. 

While  the  ballistic  tests  were  not  definitive  regarding  tne 
use  of  tri-foil  penetrators,  they  serve  to  indicate  the  possible 
improvements  with  non  circular  penetrators.  The  material  was  not 
necessarily  up  to  current  standards  but  dy  comparing  the  perfoi — 
mance  to  a  rod  which  was  up  to  the  same  standard  as  the  tri-foil, 
relative  figure  of  merit  is  possible.  The  ballistic  tests  were 
not  carried  out  with  the  largest  possible  increases  in  tne  polar 
moment  ratio.  This  was  done  for  two  reasons.  First,  the  graDhs 
presented  by  Katz*  were  not  sufficient  for  accurate  design. 
Second,  the  lower  ratios  left  much  of  the  mass  of  the  penetrator 
centralized.  Where  the  mass  is  left  near  the  center,  the  impact 
cross  section  is  maximized.  Thus,  the  performance  of  the  pene¬ 
trator  was  not  as  degraded  as  would  be  the  case  for  the  shape 
shown  in  Figure  5  c,  for  example. 

Some  of  the  designs  that  are  obtainable  with  unlimited 
selection  of  k  and  j  result  in  shapes  that  would  be  extremely 
difficult  to  machine,  or  they  would  require  techniques  that  are 
too  expensive  to  permit  implementation.  These  are  generally  the 
designs  that  have  flanges  at  the  extrema  of  the  foils.  Thus, 
this  investigation  centered  on  "possible"  designs  by  restricting 
the  cutting  arc  to  Pi/3  radians.  The  same  limit  had  to  be 
applied  to  the  cut  arc  since  a  greater  angle  would  result  in  the 
outer  radius  being  reduced. 

While  the  ballistic  limit  of  the  tri-foil.  Item  1,  is  not  as 
good  as  the  long  rod,  the  performance  is  very  good  on  a  absolute 
scale.  The  poorer  performance  was  partly  due  to  the  snorter 
effective  L/D  of  the  tri-foil  relative  to  the  long  rod.  Thus, 
advantages  of  the  tri-foil  may  be  employed  without  fear  of  a 
serious  degradation.  This  presents  the  fact  that  should  system 
advantages  point  to  the  need  of  a  flanged  rod,  the  tri-foil 
design  can  be  further  developed  without  large  risk  factors. 

A  graphical  presentation  of  the  polar  moment  ratios  has  been 
given  to  permit  designing  of  the  tri-foil  shape  for  long  rod 
penetrators.  This  analysis  may  also  be  useful  for  the  design  of 
ornamental  columns  for  structural  and  architectural  purposes. 

The  methods  used  to  calculate  this  chart.  Figure  4,  are  accurate 
and  the  calculation  is  quick  if  one  has  access  to  a  modest 
computer.  Hand  calculations  are  more  laborious  but  readily 
performed. 


velocity,  and  vi  is  the  desired  limit  velocity. 

Figure  6  shows  the  performance  of  the  tri-foil  relative  to  a 
hemi-nosed  rod  penetrator  of  the  same  material.  Note  that  the 
coefficient  (see  the  equation  above)  of  tne  tri-foil  is  lower 
than  for  the  correspond ing  rod.  This  results  in  an  asymptote  of 
lower  slooe  and  generally  infers  a  better  material  or  design. 

The  higher  limit  velocity  may  be  highly  influenced  by  trie  strik¬ 
ing  velocities  and  vagaries  of  tnis  test. 

ft  spectacular  behavior  was  noted  during  the  penetration  of 
the  target  by  the  tri-foil  penetrator.  The  extrema  of  tne  foils 
were  stripped  away  by  the  first  and  second  plates.  Item  1  has 
foils  that  are  narrower  at  the  tip  than  at  any  other  point.  'his 
means  that  the  mass  is  centered  and  tends  to  act  like  a  hiah 
aspect  ratio  rod. 

The  design  of  item  £  is  such  that  the  fins  are  tmeker  ac 
the  extrema  than  at  some  ooints  along  the  webs.  This  can  he  seen 
in  Figure  7.  Note  that  both  designs  are  drawn  to  the  same  scale 
in  this  figure.  Program  limitations  prevented  the  testing  of 
item  2.  Ballistic  tests  should  be  carried  out  to  determine  if 
the  stubbier  foils  give  some  of  the  advantages  of  long  rod  oene- 
trators  without  the  disadvantages  of  tubular  projectiles  a^readv 
merit  ioned. 


2 


Vr  (m/s)  600 


ROD/  OT  ° 


TRI-FOIL 


1000  1200 

Vs  (m/s) 


1400 


Figure  6.  Residual  velocity  as  a  function  of  the 
striking  velocity  for  tne  L/D  =  16  rod  anc  tne 
L/D*  -  14.6  tri-foil.  0  =  rod  X  =  t^i-foil 


where  vs 


vr  is  the  residual  velocity  of  the  largest  oenetrator 
fragment  passing  through  the  target. 
vg  is  the  initial  striking  velocity  of  tne  oenetrator. 
vi  is  the  probabilistic  limit  velocity  where  no  penetrations 
will  occur. 


vr  *  0(vsP  -  vjP)l/P  where  vs  >  v 


ft,  P,  and  vi  thus  become  the  variables  that  must  oe  fit  Dy 
multiple  regression  analysis.  ft  must  be  oositive  and  less 
than  1  and  P  must  be  greater  than  1. 


Note  that  if  the  variable  P  is  tawen  as  £,  tne  aoove 
eauation  simply  states  that  the  residual  energy  after  penetration 
is  linearly  related  to  the  difference  between  tne  striking  energy 
and  the  limiting  penetration  energy.  The  implied  linearity 
would  be  due  to  a  linear  decrease  in  tne  mass  of  tne  residual 
fragment  of  the  initial  rod.  By  taking  P  as  a  variable  rather 
than  as  2,  the  real  non-1 inearity  of  the  process  near  tne  limit 
velocity  can  be  fit.  While  this  does  not  aualify  as  a  model,  trie 
high  degree  of  freedom  experienced  by  having  tnree  variables  to 
fit  results  in  very  good  fits.  The  variable  ft  is  related  to  the 
asymptote  that  the  data  approach  when  the  target  is  severly 
overmatched.  P  relates  to  the  degree  of  curvature  near  the  limit 


Figure  5.  Constant  area  snaoes.  B  ana  C  have  Dolar 
moment  ratios  of  5.1  relative  to  A. 


III.  BALLISTIC  TEST 

A  comparison  ballistic  test  was  performed  using  one  of  the 
two  designs  listed  in  Table  1.  The  tri-foil  was  cornoared  to  a 
simple  rod  penetrator  having  a  hemisoher ical Iv  rounded  nose. 

Both  the  rod  and  foil  shaoes  were  made  from  U-3/4  Ti  alloy.  This 
is  a  high  ductility,  high  density  material  which  was  heat  treated 
similarly  to  the  M774  penetrator  material.  The  simple  rod  had  an 
L/D  of  16  which  was  also  the  target  L/D*  for  the  tri-foil  shapes. 
Due  to  machining  difficulties  the  desired  dimensions  could  not  be 
held,  and  they  were  modified  by  the  vendor  for  Item  l.  This 
modification  led  to  a  slightly  over  weight  penetrator.  To  cor¬ 
rect  the  weight,  Item  1  was  again  modified  by  cutting  off  some  of 
the  length.  The  target  was  a  standard  US  triple  target. 

The  strikes  that  were  considered  valid  are  presented  in 
Figure  6.  This  plot  assumes  that  the  penetration  process  will 
result  in  a  penetration  curved  see  equations  £7  aid  £'B  below, 
that  has  the  solution  as  given  by  Lambert.^  Lambert’s  curve 
fitting  passes  through  the  center  of  the  data  rather  than  following 
Bloore’s  hypothesis?  that  all  data  should  be  below  and  to  tne 
right  of  the  curve. 


The  polar  moment  of  inertia  for  a  hollow  cylinder  is  easily 
obtained  from: 

jc  a  puMre*  -  ri*)  (£2) 

for  a  hollow  cylinder  of  inner  radius  rj  and  outer  radius  rg 
Jo  =  Pi*r04  (£3) 

for  a  rod  of  radius  r0 

As  above,  define  the  area  of  the  rod  to  equal  tne  area  of 
the  cylinder  such  that: 

-  ri^  =  r0^  (£4) 

thus : 

Jc/^o  —  (rg>£  +  rj^l/ro^  (£5) 


and  we  have: 


ra/r0  *  'JLUc/J 0/2)  +  1/£J 


( £6) 


Comparison  of  a  hollow  cylinder  with  the  tri-foil  can  oe 
made  for  specific  polar  moment  ratios.  That  is,  if  we  choose  a 
hollow  cylinder  with  a  polar  moment  ratio  of  7,  for  example.  The 
above  equations  auickly  show: 


rg/r0  *  £  and  ri/ro 


for  the  cylinder 


and  for  the  tri-foil  k  and  j  must  be  selected  from  Figure  4  of 
the  text,  k  =■  0.  85  and  j  about  0.  8b4  should  give  the  desired 
ratio  of  moments  of  inertia.  Note,  the  author  has  done  some 
calculations  to  obtain  these  values  of  k  and  j;  J/Jr,  is  actually 
about  6.  S  for  these  parameters;  a  closer  definition  of  k  and  j  to 
exactly  achieve  7  is  unrealistic  in  terms  of  machining  tolerances. 


The  usual  criterion  of  equal  area  defines  rj.,  r?,  and  a  for 
the  tri-foil. 


rj/r o  =*  3.53  ^£/ro  =  3.60  ano  d/Y'0  =  4.1b 

where:  r0  is  the  basic  radius  of  the  solid  rod. 

Another  such  comparison  is  presented  in  Figure  5  relative  to 
a  rod  of  unit  radius. 


Muy*/d^  =  CPhi  -  Sin  ( Ph  i  )  *Cos  <  Ph  i )  +  £*Sin(Phi)3 
*Cos (Phi ) 3*j^/4  (16) 

31  MllV’/d^  -  ft*x£/d^  (1?) 

where:  x/d  ■  2*j*Sin  (Phi  )  CPhi  -  Sin  ( Pn  l )  *Lios  <  Mh  l  >  j  (i?) 

and  ft/d£  =  j£-».rphi  _  sin < Ph i ) *Cos < Ph i ) 1  <.  itu 

Muy/d4  =  Mny,c/d4  +  ft*  <  1  -  x/d)£/d£  <19> 

J|\j/d^  =  (Jt  —  Ji  —  Jll>/d^  (£0) 

and  J/Jo  =  2*Pi*JN/d4/ C3* (ftN/d£)£3  (£1) 

where:  ftM  is  the  net  area. 

ft  computer  program  was  written  to  calculate  the  ratio  cf 
polar  moments;  and  the  results  are  shown  in  Figure  4.  The  inter¬ 
section  at  the  left  of  the  graph  at  1  is  the  natural  limit  where 
the  tri-foil  acts  as  a  rod.  The  locii  of  the  terminus  points  of 
the  various  curves  point  to  the  value  of  the  polar  moment  ratio 
for  a  cross  section  of  an  equilateral  triangle.  Since  this 
program  was  run  with  a  coarse  step  the  terminus  points  are  not 
exact  and  extrapolation  with  respect  to  the  graph  is  not  very 
accurate.  This  value  can  be  easily  calculated  from  tne  equations 
given  above. 


r2/d 


Figure  4.  Relative  polar  moment,  J'/ J  as  a 

function  of  r£/d.  Curves  are  for  rj/d  ratios 
of  .85,  .75,  .65,  .55,  .45,  .35,  .30,  .£5,  .  £0, 

.15,  .10,  .05,  and  .  0£5  going  from  left  to  right. 
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